A forensic drug database (FDD) was used to capture comprehensive data from all drug-related deaths in West Virginia, with deaths also included from the northern New England states of Maine, Vermont, and New Hampshire. All four states serve predominantly rural populations under two million and all have similar state medical examiner systems that employ statewide uniform death certification policies and practices. This study focused on 1482 single opioid deaths (fentanyl, hydrocodone, methadone, and oxycodone) in the FDD from 2007-2011. We modeled relationships between the opioid concentrations and the presence or absence of the following commonly occurring non-opioid cointoxicants: benzodiazepines (alprazolam and diazepam), alcohol, tricyclic antidepressants, selective serotonin reuptake inhibitors, and diphenhydramine. Additional covariates of state, age, body mass index, and sex were included. Results showed that the presence of alcohol, benzodiazepines, and antidepressants were each associated with statistically significant lower concentrations of some but not all of the opioids studied, which may obscure the interpretation of postmortem toxicology results alone. Fentanyl concentrations appeared to be the least associated with the presence or absence of the variables studied, and cointoxicant alcohol appeared to be associated with lower concentrations in opioid concentrations than were most of the other factors in the model studied. These findings underscore the importance of documenting all potential cointoxicants in opioid-related deaths. Acad Forensic Pathol. 2016 6(3): 532-542 
INTRODUCTION
Many accidental drug-related deaths involve opioid analgesics in combination with multiple cointoxicants. Despite the frequency of these polydrug deaths, there has been no significant large data research into the complex interrelationships among the cointoxicant drugs present (1, 2) . The study of these interrelationships is further complicated by differences in how medical examiner systems of varying types and available resources identify and certify drug-related deaths (3) . For example, in acute opioid fatalities with cointoxicant benzodiazepines or antidepressants, some medical examiners mention only the opioid on the death certificate (4) . This limits the use of death certificate data alone to study population drug use and abuse-related behavioral changes. The National Association of Medical Examiners and American College of Medical Toxicology Expert Panel presented carefully reasoned guidelines that encourage the mention of all cointoxicants on death certificates for drug-related deaths (3) . Yet, questions remain about the potential impact of the individual cointoxicant drugs in such deaths.
Cointoxicants often present with opioids in drug-related deaths include benzodiazepines, alcohol, and antidepressants (5-7). Diphenhydramine was also found to be a cointoxicant in almost 6% of West Virginia drug-induced deaths (8) . It is well known that alcohol and drugs with central nervous system depressant effects can exert additive or synergistic toxic effects when used in conjunction with opioids (5) . However, the relative contribution of these drugs as causes or contributors to death when present as cointoxicants in opioid-induced deaths has not been well characterized.
In addition to potentially differing effects of cointoxicants when combined with opioids, it is also possible that individual opioids might differ in their propensity to cause adverse effects, including death. A cohort analysis by Solomon et al. found that the risk of cardiovascular events, fracture, and overall mortality differed among opioids (9) . Oxycodone users were found to have a stronger association with cardiovascular disease (CVD) related death than non-opioid users, and interestingly, female opioid users were found to have a significantly greater risk for CVD death compared to male opioid users, particularly in females with underlying CVD (10) . A systematic review of the comparative safety and efficacy of extended-release opioids for managing cancer pain concluded that one cannot confirm or rule out differences among the opioids due to a paucity of data from well-designed studies (11) . Thus, it is important to determine whether individual opioids might have varying potentials for causing harm, particularly when combined with alcohol or drugs with central nervous system or respiratory depressant effects.
The objective of this study was to determine and quantify, using linear regression models, the relationship between various cointoxicants and decedent characteristics such as age and sex on the opioid concentrations identified in single opioid-induced deaths.
METHODS

Study Population
Drug-related deaths from West Virginia and the northern New England states of Maine, Vermont, and New Hampshire were analyzed. A forensic drug database (FDD) was initially created in 2005 to compile data from all drug-related deaths in West Virginia (WV). Data from 2007-2011 from the northern New England states of Maine (ME), Vermont (VT), and New Hampshire (NH) were later added to the WV data.
Each case in the FDD includes demographic information about the decedent (age, sex, zip code location of death), condition of the body, body mass index (BMI), cause and manner of death, contributory factors to death, all drugs identified as a direct cause or contributor to the death, the known or suspected route of drug administration, whether the decedent had a prescription for any controlled substances identified (available during this study period only for WV from the Controlled Substance Automated Prescription Program [CSAPP] database), medical history (for most decedents), key autopsy findings, and toxicological analyses (for each drug implicated in the death).
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All four states in the study are served by centralized state medical examiner systems that perform comprehensive screening and quantification toxicology testing in all suspected drug deaths. All states maintain comprehensive digital and/or paper files, and each has statutes in place that require investigation and certification of all deaths suspected to be the result of, or that are associated with, drug intoxication. Although not an explicit policy during the study period, in all four states the usual practice of certification was to include potential cointoxicants on the death certificate.
Suspected drug deaths are investigated in a similar manner among the states, including examination of the body by a medical examiner or a certified death investigator who obtains peripheral blood samples and possibly additional body fluids for toxicological analysis. Data summarizing all medications belonging to the decedent, including unlabeled drugs, are submitted to the respective state's Office of the Chief Medical Examiner (OCME). During the study period, all deaths resulting from drug intoxication received an autopsy in WV; the majority of such cases were autopsied in the northern New England states.
All four states are largely rural, with large areas of low population density, and have populations that are under two million and are overwhelmingly white. During the study period, both Maine and West Virginia had functioning prescription drug monitoring programs.
Study Sample
All drug-related deaths in the FDD from 2007-2011, defined as those deaths for which the medical examiner determined that at least one drug was a direct cause of death or a contributor to death, and the manner of death was ruled accidental, were included. The specific FDD subpopulation used for this study included accidental deaths involving any one of four opioids (oxycodone, methadone, hydrocodone, or fentanyl), along with at least one or more of the following selected cointoxicants: alcohol, alprazolam, diazepam, tricyclic antidepressants (TCAs), selective serotonin reuptake inhibitor antidepressants (SSRIs), and diphenhydramine (DPH). Eliminating all cases in which the body was noticeably decomposed further restricted the study sample.
Single opioid deaths involving oxycodone, methadone, hydrocodone, and fentanyl were selected because these opioids occurred most frequently in drug-related deaths in all four states. Multiple opioid deaths were removed for this study to reduce the potential for confounding during the analyses of potential cointoxicant associations, although these types of deaths are frequent enough to warrant additional future research. Of unintentional, nondecomposed cases with at least one of the four opioids named above, there were 744 deaths with two opioids mentioned on the death certificate, 141 deaths with three opioids, and nine deaths with four or more opioids. The most common multiple-opioid combination causing death involved hydrocodone and oxycodone, with 132 cases.
Variation among states, and between northern New England (NNE) and West Virginia, were initially examined to determine whether data from all the states could be combined. Neither the states nor the regions differed significantly with regard to median age, sex, BMI, or the prevalence of deaths involving TCAs, SSRIs, or alcohol. Nor did states differ when selecting decedents for toxicology analyses; all suspected drug-induced deaths received full toxicology testing. Because of these similarities, samples were combined for the purpose of examining cointoxication patterns. Our regression models do, however, adjust for the region of data collection, since the overall prevalence of opioid deaths was substantially higher in West Virginia than in Northern New England.
Toxicological Analyses
All involved states routinely screen blood or urine samples from each case for a panel of abused drugs using enzyme immunoassay, with confirmation analyses conducted based upon the substance(s) identified. Toxicological analyses of different body fluids/tissues are used as appropriate to confirm drug involvement in the deaths. Important metabolites of drugs identified are also measured and reported to further clari- ORIGINAL ARTICLE fy the roles of specific drugs in the deaths as well as chronicity of use. Opioids and cointoxicants were detected in blood or urine by gas chromatography mass spectrometry (GC/MS), liquid chromatography-tandem mass spectrometry (LC/MS/MS) or liquid chromatography time-of-flight mass spectrometry (LC/ TOF-MS) screening. The analyses in this study were limited to subclavian or femoral blood samples, which are routinely used for toxicological analyses in each included state.
Statistical Analyses
Regression models were selected to examine the relationships between the opioid concentrations in the study cases and the following cointoxicants identified during toxicological analysis: benzodiazepines (specifically, alprazolam and diazepam, the most common benzodiazepine cointoxicants), alcohol, TCAs, SSRIs, and diphenhydramine. Additional covariates of state, age, BMI, and sex were included. Multiple regression is an extension of basic correlation to multiple dimensions and allows us to examine the associations after accounting for the other variables in the model. This method permits examination of multiple variables at once in order to explore relationships among them; it does not establish causation.
Due to the skewed nature of the opioid concentrations, log-opioid concentrations were modeled to satisfy the assumptions of linear regression. For each of the four opioids of interest, individual associations between log-opioid concentrations and each factor (sex, age, BMI, alprazolam presence, diazepam presence, alcohol level, TCA presence, SSRI presence, and diphenhydramine presence) were assessed using unadjusted linear regression. Additionally, a multiple linear regression was applied for each opioid to examine associations between each of these factors adjusting for the remaining factors. All regression models accounted for the state of data collection (NNE [ME, NH, VT] and WV).
Descriptive and empirical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC). Findings were considered statistically significant for p < 0.05.
RESULTS
A total of 4702 drug-induced deaths were recorded in the FDD during the study period. The manner of death in most cases was certified as accidental (3884 cases) with the remainder undetermined (359 cases) or suicide (445 cases). Of the accidental drug-induced deaths, 1624 cases involved one or more pharmaceutical opioids specified on the death certificate as a cause or contributing factor in the death, along with at least one benzodiazepine (limited to diazepam or alprazolam), one antidepressant, alcohol, and/ or diphenhydramine. As noted previously, we eliminated all cases observed to be decomposed. Of 1482 single opioid-cointoxicant deaths, 477 (32.2%) were from northern New England and 1005 (67.8%) were from West Virginia. The opioids present in this sample were: oxycodone (n=482), methadone (n=630), hydrocodone (n=183), and fentanyl (n=187). Cointoxicant alprazolam was present in 341 deaths, diazepam in 265 deaths, alcohol in 257 deaths, TCAs in 72 deaths, SSRIs in 104 deaths, and diphenhydramine in 71 deaths. Alcohol was further stratified according to whether the concentration was below or above the legal limit for driving intoxication of 0.08% utilized in the United States. Table 1 summarizes the characteristics for each opioid subsample in the study. Although the NNE and WV regional populations differed significantly in terms of the prevalence of opioid, benzodiazepine, and alcohol involvement, they were not significantly different in median age, sex ratio, and median BMI, as well as involvement of TCAs, SSRIs, and diphenhydramine. Thus, regions were combined to build the cointoxication model described below.
For the regression models, some records with missing factors (e.g., BMI) were excluded, as well as a small number of extreme opioid concentration measures (i.e., fentanyl 9.4 μg/mL; hydrocodone 32 μg/mL, 49 μg/mL, 190 μg/mL, and 1000 μg/mL; oxycodone 17 μg/mL and 50 μg/mL) that might have reflected erroneous data entry. Table 2 reports the estimated model effects of the factors analyzed upon log-opioid concentrations in log-μg/mL. The average differences 
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from the adjusted models in Table 2 are presented in Table 3 using the more familiar μg/mL and showing the average magnitude and directionality of the association with opioid concentrations. Potentiation was not observed for benzodiazepine and alcohol alone for the concentrations of any of the four opioids studied, but the magnitude of the associations shown in the tables are additive. Somewhat unexpectedly, the patterns of significant association differed among the four opioids.
Utilizing the findings in both Table 2 (significance of the association for the study factors, focusing on the values adjusted for all other factors) and Table 3 (average model effect on opioid concentration in μg/ mL), increasing age was the only non-drug factor significantly associated with decreased fentanyl concentrations (p=0.0218). The presence of a cointoxicant TCA was significantly related to lower fentanyl concentrations (p=0.0008) in the model, with an average 0.0075 μg/mL lower fentanyl concentration. None of Decreasing hydrocodone concentrations were significantly (p=0.0489) associated with increasing age, as well as the presence of several cointoxicants. Alprazolam presence was significantly (p=0.0064) associated with an average reduction in hydrocodone concentration by 0.0215 μg/mL in this model. Alcohol presence at or above 0.08% was significantly (p=0.0033) associated with a lower concentration of hydrocodone averaging 0.1641 μg/mL; alcohol presence below the legal level was associated with lower hydrocodone levels averaging 0.1164 μg/mL. Diphenhydramine presence was significantly (p=0.0437) associated with a lower average hydrocodone concentration of 0.0276 μg/mL. 
Male sex was significantly (p=0.0030) associated with a 0.0531 μg/mL lower methadone concentration on average. Any alcohol presence was significantly (p<0.0001) associated with lower methadone concentrations, ranging from approximately 0.12 μg/ mL 0.1641 μg/mL on average. Neither alprazolam nor diazepam presence had a significant model effect on the average methadone concentration, nor did age or BMI.
The average oxycodone concentration was significantly (p=0.0066) associated with a lower cointoxicant alcohol concentration, ranging from an average of 0.0846 μg/mL when alcohol was less than 0.08% and 0.0482 μg/mL when alcohol was ≥ 0.08%. TCA presence was significantly (p=0.0012) associated with an average 0.0974 μg/mL lower oxycodone concentration.
DISCUSSION
Forensic pathologists face a daunting task in certifying overdoses as a cause of death, particularly when addressing complications of preexisting comorbidities and development of tolerance. Although it has been general practice of giving greater consideration to the probability of drug-associated deaths when multiple, potentially synergistic drugs are present, no systematic inquiry into the magnitude of this phenomenon on a drug by drug basis has been previously reported using large numbers of data as compiled by this study.
When opioids are present with cointoxicants, particularly other central nervous system and respiratory depressant drugs or alcohol, toxicity can be enhanced (12, 13) . As a result, the opioid concentration found in decedents might be anticipated to be lower than expected and often in a nontoxic range (13-16). Minett et al. studied the association between high and low concentrations of psychoactive cointoxicants present in morphine-related deaths but did not find a significant relationship between high and low concentrations of cointoxicant benzodiazepines and alcohol and morphine concentrations (1). Interestingly, they found a significant positive association between morphine and antidepressant concentrations, with higher morphine concentrations associated with higher antidepressant concentrations. This finding is contrary to what would be expected with a synergistic central nervous system effect. Based on animal studies, the authors speculated it might have resulted from a chronic antidepressant inhibitory action on opioid effects, per- 
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haps resulting from a decrease in opioid receptors in the cerebral cortex. However, the explanation for their finding is unknown and the study was limited by small numbers of cases.
Our study is unique in determining and quantitating the association of various cointoxicants and other decedent characteristics while adjusting for the presence of the other factors. Several interesting findings in our study merit discussion. First, significant associations were found between lower opioid concentrations and the presence of various cointoxicants, although considerable variability was found for fentanyl, hydrocodone, methadone, and oxycodone. Fentanyl and oxycodone concentrations were both found to be significantly lower with cointoxicant TCAs, but not the concentrations of the other two opioids. Methadone was the only opioid whose average concentration was significantly associated with the decedent's sex. Increasing age was significantly associated with increases, not decreases, in fentanyl, hydrocodone, and methadone concentrations, but not in oxycodone concentrations. Alprazolam presence was only associated with a significant lowering of the average hydrocodone concentration, while no significant association was found between diazepam and concentrations of any of the four opioids. The presence of alcohol was significantly associated with lower concentrations of hydrocodone, methadone, and oxycodone, but not fentanyl.
Second, only hydrocodone levels were significantly associated with the presence of diphenhydramine, with a lower level comparable to the alcohol and alprazolam association. However, small sample sizes for diphenhydramine in the other opioid subsets, particularly for oxycodone, might have resulted in insufficient power for detecting significant associations. The potential additive effects of diphenhydramine as a cointoxicant in opioid-related deaths should be further studied.
Third, fentanyl was found to be rather unique in this study. This powerful opioid appeared to have been influenced to a lesser extent by cointoxicants in the fatalities, except, somewhat surprisingly, when tricyclic antidepressants were present. However, there were only eight cases with fentanyl and a cointoxicant TCA. More research on fentanyl and its relationships to other cointoxicants is needed, but the possibility for interactions with TCAs points to the importance of listing all potentially interacting drugs on the death certificate.
Alcohol was significantly associated with lower opioid concentrations for hydrocodone, methadone, and oxycodone, regardless of whether the alcohol concentration was above or below 0.08%. The effect of alcohol in the model was relatively strong for methadone and oxycodone. Interestingly, the alcohol association with oxycodone concentrations was greater for concentrations < 0.08% compared to higher alcohol concentrations. Since a fairly small subset of oxycodone decedents had the lower alcohol concentrations, they might not have reflected that actual population. Previous studies have reported that alcohol concentrations significantly decreased as the number of cointoxicants increased (13) , and the presence of alcohol has been associated with lower concentrations of opioids such as methadone and heroin compared to those opioids alone (13, 17, 18) . Thus, the potential cointoxicant effect of alcohol when present in opioid-related deaths should not be underestimated.
However, it was somewhat surprising that the quantitative association of alcohol with methadone and oxycodone concentrations was substantially greater than the association of benzodiazepines with the concentrations of those opioids. Diazepam presence was not associated with statistically significant differences in any of the opioid concentrations in this study, and alprazolam presence was only associated with a lower hydrocodone concentration. This latter finding might be at least partly explained by the fact that about 62% of hydrocodone deaths involved a benzodiazepine, predominantly alprazolam, which was a higher percentage than for the other three opioids.
The associations of the various factors and cointoxicants with opioid concentrations were found to be additive in this study. As a result, even though some of the individual associations appear to be fairly small, (8) . Thus, in a hydrocodone-related death with a concentration of 0.08 μg/mL found on toxicological analysis, if DPH, a TCA, and alprazolam were also found to be cointoxicants, the additive effects of those cointoxicants in our model (-0.028 + -0.016 + -0.022), respectively, on the hydrocodone concentration might be comparable to an actual hydrocodone concentration of 0.146 μg/mL, almost double the concentration actually found.
One limitation of the current study is that it did not examine the potential contribution of underlying comorbid diseases such as heart disease or respiratory conditions (e.g., sleep apnea) on the concentration relationships reported. Methadone fatalities were reported to be significantly more likely to have underlying systemic diseases, particularly heart disease, compared to heroin users (18) , and sleep apnea might be a predisposing factor to opioid toxicity (6) . In addition, although efforts were made to ensure that data entry from the medical examiners' files was accurate, this study was retrospective and errors in data extraction and entry are possible. Although this study included 1482 decedents, stratification by opioid and by cointoxicant substantially reduced the size of the subgroups, weakening the model. More research is needed to refine and test the associations found in our model. Large samples will be required to examine more complex polydrug cases, such as those involving more than one opioid with multiple cointoxicants.
CONCLUSION
The potential for additive effects of cointoxicant drugs and alcohol in opioid-related deaths should be considered when interpreting their roles in causing or contributing to those deaths. The presence of alcohol, benzodiazepines, and antidepressants was associated with significantly lower opioid concentrations, which may obscure the interpretation of postmortem toxicology results alone. The findings from the models used in this study can assist with such interpretations, especially in opioid deaths due to fentanyl, hydrocodone, methadone or oxycodone.
Opioids should not be treated as a homogenous group since specific opioids could vary in how they interact with cointoxicants. In particular, associations between fentanyl and TCAs and between hydrocodone and DPH require more research attention. This study underscores the importance of documenting all potential cointoxicants in single opioid-related deaths when entering cause of death on the death certificate. Future research efforts need to address the potential relationships among cointoxicants when multiple opioids are present.
